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‘‘Single’’ T = 1 isometric particles of Maize streak virus (MSV) have been isolated from infected maize leaves. Biochemical and genetic
characterizations show that these particles contain subgenomic (sg) MSV DNA encapsidated by the MSV coat protein. The largest sg DNA is
1.56 kb, slightly larger than half genome size, although sg DNAs as small as 0.2 kb were also cloned. The sg DNAs are not infectious, and
they do not appear to play a role in the pathogenicity of MSV. This is the first report of sg DNAs for MSV and, to our knowledge, the first
time that encapsidated sg DNAs have been characterized at the sequence level for any geminivirus. These data will assist in our investigations
into the role of genomic DNA in the formation of the unique geminate capsid architecture of the Geminiviridae.
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Introduction the Nigerian strain ofMSV (MSV-N,Mullineaux et al., 1984,The Geminiviridae cause significant yield losses to many
crops worldwide; Maize streak virus (MSV), a well-charac-
terized geminivirus belonging to the genus Mastrevirus,
causes a devastating disease in maize in sub-Saharan Africa
(Lazarowitz, 1992). The MSV genome encodes four proteins
required for viral infection (Boulton, 2002; Lazarowitz,
1992). The early gene products (Rep and RepA) are associ-
ated with viral DNA replication, while the late gene products,
the movement and coat proteins (MP and CP), are required
for cell-to-cell movement and encapsidation, respectively
(Boulton, 2002). The single-stranded (ss) DNA genome of0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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composes 2687 nucleotides packaged within a geminate
‘‘twinned’ (two joined pseudo T = 1 icosahedrons, each
missing a capsomere) particle made up of 110 copies of the
244 amino acid CP (Mullineaux et al., 1984, 1988; Zhang et
al., 2001). This particle architecture is unique, differing from
that of all other icosahedral virus particles formed from
multiples of 60 CPs (Caspar and Klug, 1962). The ssDNA
is thought to be essential for geminate particle formation
(Francki et al., 1980). To date, there have been few inves-
tigations directly addressing the DNA sequence requirements
for encapsidation, although indirect evidence has been
obtained from work with mutant viruses and Qin et al.
(1998) suggested that the stem–loop (S–L) region, con-
served in all geminivirus genomes, might act as an origin of
assembly. Additional insight has been gained by the charac-
terization of subgenomic (sg) DNA in tissues infected with
geminiviruses (e.g., Frischmuth et al., 2001; MacDonald et
al., 1988; Stanley and Townsend, 1985; Stenger et al., 1992),
although in no case was the sequence of encapsidated DNA
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particles isolated from maize leaves agroinoculated with
MSV-A[NG1]. Our analysis showed that the MSV-A[NG1]
CP packages a variety of sg MSV DNAs (sizes from 0.2 to
approximately 1.6 kb) to form isometric particles. We also
show that the sg DNAs are not infectious and do not appear to
affect symptom production when co-inoculated with a full-
length MSV-A[NG1] genomic clone.Results and discussion
Identification of ‘‘single’’ isometric particles in
MSV-A[NG1]-infected maize leaves
Electron microscopy showed that T = 1 isometric par-
ticles of approximately 20-nm diameter (Fig. 1A) of MSV-
A[NG1] composed the majority of particles present in the
15% fraction of the 5–40% sucrose gradient used in the
final stage of MSV-A[NG1] purification from infectedFig. 1. Protein composition of ‘‘single’’ T = 1 isometric and geminate particles of
virus particles isolated from 15% (A) or 20–25% (B) sucrose gradient fractions en
hand side of each panel shows magnified particles. Scale bars = 50 nm. (C) Cooma
from MSV single and geminate particles. Anti-MSV serum was used for immunob
markers (sizes are indicated on the right hand side of both gels). Arrows indicateleaves. Geminate particles were isolated from the 20%
and 25% sucrose fractions (Fig. 1B). The fraction contain-
ing the single particles was contaminated with approximate-
ly 10% of geminate particles, and some single particles
were also seen in the 20–25% fractions (Figs. 1A and B).
The single particles appear to be intact icosahedrons (Fig.
1A), and therefore differ from the particles that were
isolated from plants containing defective interfering (DI)
DNA of African cassava mosaic virus (ACMV; Frischmuth
et al., 2001). These particles were reported to be flattened
on one side and to resemble one-half of a geminivirus
particle.
The protein composition of the MSV-A[NG1] particles
was analyzed by polyacrylamide gel electrophoresis. Coo-
massie blue staining of the denatured samples revealed the
presence of two proteins (approximate molecular mass of
29 and 27 kDa, designated U and L in Fig. 1C) in the
fraction enriched in the single particles, whereas only the
larger protein was seen in the fraction containing geminate
particles (Fig. 1C). Both proteins were recognized by anti-MSV. (A and B) Transmission electron micrographs of negatively stained
riched in single and geminate particles, respectively. The insert on the right
ssie blue stained gel and (D) immunoblot, respectively, of protein extracted
lotting. S = single and G = geminate particle extracts, M = molecular weight
the 29 (U) and 27 (L) kDa MSV coat proteins.
Fig. 2. The DNA composition of MSV particles. (A) Southern hybridization
of DNA isolated from sucrose gradient fractions enriched in geminate (G)
or single (S) particles. A full-length MSV-specific probe was used for
hybridization. I = DNA from maize infected with MSV, H = healthy plant
DNA. Labelling on the right of the panel indicates the single-stranded (ss)
and double-stranded (open circle, linear and covalently closed circular)
DNA associated with MSV-infected maize. Bands 1, 2, and 3 are ssDNA.
(B) Products obtained following PCR amplification of DNA extracted from
sucrose gradient-fractionated MSV particles using abutting primers that
bind within the large intergenic region of MSV. S = products obtained from
the 15% sucrose (single particle enriched) fraction, G = products obtained
from the 20–25% sucrose (geminate particle enriched) fraction. I =
products obtained from total DNA extracted from a MSV-infected plant. C
= no DNA control. M = molecular weight markers, sizes in kbp. The small
amplification products are denoted by asterisks.
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protein could be detected in both samples using this
procedure (Fig. 1D). As the anti-MSV serum was pro-
duced against purified virus, the reaction with both pro-
teins was expected. The two bands have reproducibly been
present in our virus preparations over the past 10 years
(e.g., see Figs. 1 and 3, Liu et al., 2001). The predicted
molecular weight of the MSV-A[NG1] CP, based on
amino acid sequence, is 27 kDa (Mullineaux et al.,
1984), and the lower band migrates according to this size.
However, it was not possible to unambiguously assign one
band as the CP, and therefore the bands were extracted and
subjected to MALDI-ToF analysis, which confirmed that
both proteins were MSV-A[NG1] CP. The apparent 2-kDa
difference in size between the two protein bands is
unlikely to be accounted for by a proteolytic cleavage
event of the larger protein because only 10 amino acids
(five each at the N- and C-termini) were unresolved by the
MALDI-ToF analysis. There are potential phosphorylation,
myristoylation, and glycosylation sites within the MSV-
A[NG1] CP, and posttranslational modifications may ac-
count for the differential electrophoretic mobility of the
MSV-A[NG1] CP moieties. Differential posttranslational
modification of viral proteins could dictate particle assem-
bly, genome packaging and release, and intracellular
transport and distribution, or target the particle (or CP)
for other specific host or vector interaction(s) (Chapdelaine
et al., 2002; Fernandez-Fernandez et al., 2002; Ivanov et
al., 2003; Law et al., 2003; Sanderfoot and Lazarowitz,
1996).
Characterization of encapsidated DNA
Agarose gel electrophoresis and Southern analysis
showed that both the single and geminate particles
contained MSV DNA. The major species present in gemi-
nate particles co-migrated with the previously identified
ssDNA of genome length, and this species also composed
a minor component of the DNA extracted from the sucrose
fraction enriched for single particles (band 1, Fig. 2A). This
is consistent with our finding that the single particle fraction
is contaminated to a level of approximately 10% with
geminate particles. However, the major DNAs present in
the single particle-enriched fraction (bands 2 and 3, Fig. 2A)
were substantially smaller. These DNAs were present, in
very low abundance, in the extract from geminate particles
and may be indicative of contamination of the fraction with
single particles.
The DNA extracted from the geminate and single par-
ticles was separately subjected to PCR amplification using
abutting primers complementary to sequence proximal to
the conserved S–L region within the long intergenic region
(LIR) of MSV. These primers were chosen based on the
sequences likely to be required for replication of MSV
DNA. A major product (approximately 2.7 kbp) was
obtained using DNA extracted from the 20–25% sucrosefraction enriched for geminate particles, and from infected
plants (Fig. 2B, lanes G and I, respectively). In contrast, the
DNA derived from the 15% sucrose fraction produced a
major product of approximately 1.4 kbp and a product of 2.7
kbp (Fig. 2B, lane S). Additional minor products were
present in all three samples. The products amplified from
the single fraction that migrated between 1.0 and 2.0 kbp
were cloned and the inserts present in 30 clones (selected at
random) were screened by PCR. A range of inserts varying
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clones of each size class were selected for sequence analysis
(A Clones, Table 1). All insertions were of MSV sequence.
Class 1 clones contained inserts between 1.56 and 1.49 kbp,
the inserts in class 2 clones were between 1.15 and 1.12
kbp, whereas those in class 3 were between 286 and 142
nucleotides in length (Table 1).
Examination of the DNA sequences of the inserts
showed that only one clone (A9, Table 1) contained
sequences able to encode MP and CP. The remainder of
the class 1 clones contained inserts encompassing the LIR,
the complementary (C)-sense ORFs and the short intergenic
region (SIR). These clones can potentially produce the
replication-associated proteins (Rep and RepA, see Fig. 3)
although the major C-sense transcript termination site (po-
sition 1071–1066, Wright, 1995; coordinates according to
Mullineaux et al., 1984) is lacking. The plus and minus
strand replication origins situated in the LIR and SIR are
present in all class 1 clones.
The class 2 clones, A4 and A6, could theoretically
encode RepA (but not Rep), but neither clone contains the
major TATA sequence for initiation of C-sense transcription.
However, both contain the TATA boxes situated 62 and 57
nucleotides upstream of the Rep–RepA translation initiation
codon. These TATA boxes have been shown to be functional
for promoter activity within the complete genome (Boulton
et al., 1991b). The clones do not contain either of the origins
of replication (Table 1).Table 1
Affinities of nucleotide sequences in subgenomic-encapsidated DNAs of MSV
Size classa Clone no. Insert (nt) Coordinatesb Coding potent
A9 1560 1224–2350 MP and CP
A12, A13 1526 1122/2648 RepA and Rep
1 A20 1493 1115/2608 RepA (W-239
and Rep
A5 1487 1120/2604 RepA and Rep
X11 1457 1117/2568 RepA and Rep
X7 1185 1146/2677 C2 ORF
2 A6 1146 1294/2438 RepA
A4 1118 1320/2438 RepA
X12 719 1518–2237 None
X3 555 1623–2178 None
A1 286 2252/2538 None
3 A10 279 2259/2538 None
A11 167 2337/2544 None
A8 142 2391/2533 None
a Class 1 = greater than 1.34 kb (half genome size), Class 2 = 1–1.34 kb, Class
b Coordinates according to Mullineaux et al. (1984).
c Protein coding potential from a dsDNA template.
d Presence of conserved stem– loop sequence, + = present,  = absent, F = inco
e Presence of putative primer sequence in the short intergenic region, + = present
f In the case of substitutions, the nt preceding the coordinate is replaced by that fNone of the class 3 clones (A1, A8, A10, and A11, Table
1) can encode a full-length Rep or RepA protein and all lack
the minus strand origin of replication. It is intriguing that
these clones contain the sequence comprising the C-sense
proximal stem of the conserved S–L structure, and three of
the four (clones A1, A10, and A11, Table 1) contain the loop
structure (and therefore the nick site required for initiation of
rolling circle replication). Clone A8 has only half of the loop
structure. The regions encompassed by the sg clones are
shown in Fig. 3. The presence of inserts less than 1.0 kbp
was unexpected as the PCR product used for cloning was
gel-purified and size selected. Thus, the PCR products were
used to transform recombination-defective Escherichia coli
to determine whether the small inserts were artefacts of the
cloning process. Recombinants again contained MSV inserts
of size less than 1 kbp. With the exception of clones A4 and
A6, that contained only one of the primer sequences, inserts
contained both PCR primer sequences adjacent to the T-
overhang site. It is likely, therefore, that these inserts are truly
representative of the MSV-A[NG1] DNA present in single
particles. PCR products were not heated before their elec-
trophoretic separation and the small products could have
contaminated the higher molecular weight bands. Certainly
minor products of approximately 0.2 kbp are visible follow-
ing amplification of DNA from single particles and infected
plants (Fig. 2B, marked by asterisks in lanes S and I), and the
hybridization observed below the major sg DNA bands in
single particles could reflect a heterogeneous population ofialc S–Ld Primere Characteristics of the subgenomic DNAf
+ + The only V-sense ORF-containing clone
+ +
-R) + + nt C-2523-Tand A-1660-G. Destroys
ATG of ORF C2, Rep unaffected
+ + Extra GTG at deletion junction
+ + 2568ATAATC1117 (insertion of 6 nt)
+ F nt 1899–2299 deleted, replaced by
nt 1106–1160
  lacks one primer site
  lacks one primer site
 
  A-2058-G
F  has C-proximal stem + loop, but lacks
V-proximal stem
F  has C-proximal stem + loop, lacks
V-proximal stem
F  has C-proximal stem + loop, and 1/2 of
V-proximal stem
F  has C-proximal stem + 1/2 of loop,
lacks V-proximal stem
3 = less than 1 kb.
mplete.
,  = absent, F = incomplete.
ollowing the coordinate.
Fig. 3. Genome map of MSV showing the sequences of subgenomic clones.
Proteins encoded by the virion (MP and CP) and complementary (Rep and
RepA) sense ORFs, the short intergenic region (SIR), and the conserved
stem– loop (S–L) structure in the long intergenic region (LIR) are shown.
Rep is produced from the spliced complementary-sense transcript; the
intron is denoted by the unfilled box and the transcript polyA signal by the
filled triangle. The putative primer for minus-strand DNA synthesis is
situated in the SIR (black filled box), plus strand (viral ssDNA) synthesis
initiates within the loop of the S–L (black filled circle). The sequence
present in the subgenomic DNAs is shown as arcs around the genome map,
the DNAs are denoted by their clone numbers.
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serves to explain why sg DNAs have not been identified
previously as a distinct species following Southern analysis
of MSV-infected plants.
Subgenomic DNA has been identified in plants
infected with curtoviruses, begomoviruses, and the mas-
trevirus Wheat dwarf virus. In most cases, the sg mole-
cules were approximately half genome size (Paximadis
and Rey, 2001; Stanley and Townsend, 1985), but clones
ranging from 0.68 to 1.8 kbp were isolated from tissue
infected with Beet curly top virus (BCTV, Frischmuth and
Stanley, 1992; Stenger et al., 1992) and a satellite DNA
of 0.68 kb is associated with tobacco leaf curl geminivi-
rus infections (Dry et al., 1997). All of these molecules
were characterized using double-stranded (ds) DNA
extracted from infected plants, thereby providing no direct
evidence for the sequence of the encapsidated sg DNAs.
However, Czosnek et al. (1989) detected approximately
half-size DNA molecules in purified particle preparations,
implying that it was encapsidated and Frischmuth et al.
(2001) found that isometric particles of ACMV encapsi-dated DI DNA produced from infected transgenic plants.
Further, MacDowell et al. (1986) used heteroduplex
mapping to characterize encapsidated DNA, finding it to
be approximately half the genomic size and to correspond
to the ds DNA characterized from infected tissues. Nev-
ertheless, to our knowledge, the current study is the first
to determine the exact sequence boundaries of encapsi-
dated sg ssDNA.
In the current study, it is clear that the inserts from the
three classes of clones represent sg MSV-A[NG1] DNAs that
can be encapsidated by the MSV CP. However, the use of a
single set of primers precludes the identification of all
potential subgenomic DNAs. Sequence analysis showed that
the largest clones (class 1 and 2) encompassed a region
containing an XhoI restriction enzyme site and a second
primer pair (XhoI-V and XhoI-C) was used to amplify
additional molecules. The presence of the XhoI site at the
cloning junction would also provide clones suitable for use
in infectivity studies. The 15 clones chosen for analysis
showed a similar distribution of insert sizes when compared
with ‘‘A’’ clones, except that class 3 inserts were larger
(between 0.5 and 0.7 kbp, Table 1). Sequence analysis of
four clones (X3, X7, X11, X12, Table 1) chosen to represent
the three classes showed the longest clone X11 to contain an
insert of 1.46 kbp that encompassed the MSV LIR, C-sense
ORF sequence, and the SIR. The subgenomic molecule from
which this is derived is therefore capable of replication to
produce ds and ss DNA and potentially to produce the Rep
and RepA proteins and therefore is equivalent to clones A5,
A12, A13, and A20. A clone chosen to represent size class 2
(clone X7, 1.19 kbp) was found to have an unusual deletion
and rearrangement pattern that prevents potential expression
of either Rep or Rep A, although the clone contains the plus-
sense origin of replication and the majority of the minus-
strand origin. Re-arranged sg dsDNAs have been identified
in several geminivirus infections. The class 3 clones, X3 and
X12, did not contain the LIR sequences necessary for PCR
amplification with primers ABULIR-V and ABULIR-C.
Although these clones contained the XhoI primer sequences,
the conserved S–L sequence suggested to act as the gem-
inivirus encapsidation signal was not present (Qin et al.,
1998). Thus, either this signal is not required for the
formation of single particles or the smaller molecules are
encapsidated along with larger ones that contain the S–L. To
this end, it is intriguing that the combined size of class 2 and
the smaller class 3 inserts is approximately that of the largest
sg DNAs. The small sg DNAs lacking the origins of
replication would not accumulate to high levels in infected
plants.
Infectivity characteristics of the subgenomic DNAs
The sg DNAs lacked either the MP and CP, or the
replication-associated ORFs, all of which are required for
infectivity of MSV in plants (Boulton, 2002). However, it
is possible that at least the class 1 molecules could
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ameliorating symptoms, as described for ACMV (Stanley
and Townsend, 1985) and BCTV (Frischmuth and Stanley,
1994). To determine if this is the case, tandem dimeric
copies of the inserts from class 1, 2, and 3 clones (X3, X7
and X11) were inoculated to maize seedlings using the
agroinoculation technique. When inoculated alone, as
expected, none of the clones produced a systemic infection,
but when each was co-inoculated with the wild-type
genomic construct, all plants became infected. Timing of
infection and symptom appearance were unaffected. Even
when each sg DNA clone was co-inoculated in 15-fold
excess with respect to the wild-type construct, infectivity
and symptom appearance were not significantly different
from that obtained with the control plants. Thus, the MSV
subgenomic molecules are unlikely to act as DI DNAs and
to accumulate to high levels in infected plants. However, it
is possible that the subgenomic molecules could accumu-
late following passage of the virus, and therefore a plant
co-inoculated with a 15-fold excess of clone pBIN-
PLUS:X11 and a wild-type construct was used for insect
transmission studies. After five serial passages, the symp-
toms produced in plants remained indistinguishable from
those obtained following acquisition from plants infected
with the wild-type clone.
We have not ascertained whether the subgenomic DNAs
and single particles are present in naturally infected plants;
although the role of these moieties is unclear, we believe
that they do not substantially contribute to MSV pathoge-
nicity. It is likely that the sg DNAs reflect aberrant
encapsidation of the ssDNA produced during rolling circle
replication rather than autonomously replicating dsDNAs.
We anticipate that the single particles may provide an
additional tool for probing genomic requirements for
encapsidation toward the development of viral assembly
disrupters.Materials and methods
Isolation and purification of MSV particles
Maize plants were agroinoculated with the Nigerian
strain of MSV (MSV-A[NG1] as previously described
(Boulton et al., 1989). A partially purified preparation of
virus was obtained as described by Pinner et al. (1988)
except that the homogenized leaves were incubated with
2.5% and 4.5% (w/v) cellulase and hemicellulase, respec-
tively, in 0.1 M sodium acetate buffer pH 4.8 for 1 h before
chloroform extraction. The aqueous supernatant was incu-
bated with 10% polyethylene glycol (PEG 8000) and 0.5
M NaCl overnight at 4 jC, and the precipitated sample was
pelleted by centrifugation at 10400  g for 90 min at 4 jC.
The resultant pellet was resuspended in a minimum volume
of 0.1 M sodium acetate buffer (pH 5.2), loaded onto a 5–
40% sucrose gradient, and centrifuged at 210000  g for3 h at 4 jC. The gradient was then fractionated. The major
opalescent band present in the region corresponding to
20–25% sucrose and the minor band seen around 15%
sucrose were dialyzed to remove sucrose and then sub-
jected to centrifugation in a TLA-100.2 rotor (Beckman
Instruments, CA, USA) at 305000  g for 3 h at 4 jC.
Pelleted virus particles were resuspended in 0.1 sodium
acetate (pH 5.2) to a concentration of 1 mg/ml. Samples
from each fraction were negatively stained with 1% uranyl
acetate on carbon-coated 400 mesh copper grids and
observed in a JEOL 1200EX transmission electron micro-
scope. The 15% sucrose fraction is called the single-
enriched fraction, the 20–25% fraction is the geminate
particle-containing fraction.
Characterization of proteins present in particle
preparations
Samples from the 15% and the 20–25% fractions were
subjected to SDS-PAGE. The molecular mass of the sepa-
rated peptides was determined by Coomassie blue staining
and by comparison with prestained protein markers (New
England Biolabs, Inc.), and the composition of the peptides
determined by tryptic digestion of the excised bands and
MALDI-ToF analysis on a Reflex III MALDI-ToF mass
spectrometer (Bruker UK Ltd., Coventry, UK). The cali-
brated spectra for each sample were searched against protein
sequence databases using an in-house version of the MAS-
COT search tool (Perkins et al., 1999). Immunoblotting,
using the ECL Plus Western Blotting Detection kit (Amer-
sham, Berks, UK) and anti-MSV serum raised against
purified virions (Boulton et al., 1989), was carried out as
recommended by the manufacturer.
Isolation and characterization of encapsidated DNA
Nucleic acid was extracted from infected plants and the
‘single’ and geminate particle fractions essentially as de-
scribed by Boulton et al. (1993) except that the resuspended
pellet was treated with 0.5 Ag DNase-free RNase for 5 min at
room temperature. Southern analyses were carried out as
described in Boulton et al. (1993). For amplification, DNA
was amplified by abutting primer PCR using primers ABU-
LIR-V: 5V-CGTGCGCCTTCGAAATCCGCCGCTCCC-3
that binds to MSV nucleotides (nt) 2439–2465, and ABU-
LIR-C: 5V-GGTATACTATAGAGTTTGGAGCTCCC-3V
(nt 2438–2413, coordinates according to Mullineaux et
al., 1984). Additional products were obtained using the
overlapping primers XhoI-V: 5V-GCATCCTCGAGGGTA-
ATAACAGGTAGG-3V (nt 1677–1702) and XhoI-C: 5V-
CCTGTTATACCCTCGAGGATGCAATTTCTGACC-3V
(nt 1698–1666). These primers contained an XhoI restric-
tion site (italicised) to facilitate cloning of products for use
in infectivity studies. The PCR products were separated by
agarose gel electrophoresis, and the major products (com-
prising DNA of size 1–2 kbp) obtained following amplifi-
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(Promega, Madison, USA) and the ligation mix used to
transform E. coli DH5a or ‘‘SURE’’ cells (Stratagene, La
Jolla, CA, USA). The size of the inserts obtained was
estimated by PCR using T7 and SP6 primers that flank the
cloning site in pGEM-T. Amplification products and clones
obtained using the Xho primers were treated similarly.
Clones obtained using the ABULIR primers have the suffix
‘‘A’’, those with the Xho primers ‘‘X’’. The insert sizes of 30
‘‘A’’ and 15 ‘‘X’’ clones were assessed. The sequence of
selected clones was determined using the ABI PRISM Big
Dye Terminator Cycle Sequencing Ready Reaction Kit
(Perkin-Elmer) and an ABI 373 automated sequencer.
Sequences were analyzed using Wisconsin Package Version
10.1, Genetics Computer Group (GCG; Madison, USA), and
BLAST program (Altschul et al., 1997).
Construction of clones for agroinoculation
To produce a tandem dimeric copy of subgenomic DNA
for infectivity studies, clones X3, X7, and X11 (Table 1)
were digested with XhoI and the gel-purified MSV fragment
was used (at 10 M excess) for ligation into XhoI-digested
pUC20R. Clones containing tandem dimeric copies of the
insert were selected by PCR and restriction digestion. The
clones were designated pUC20R:X3, pUC20R:X7, and
pUC20R:X11.
Fragments containing a tandem dimeric copy of clone X3,
X7, and X11 were released from pUC20R:X3, pUC20R:X7,
and pUC20R:X11, respectively, by digestion with EcoRI and
subcloned, after gel purification, into EcoRI-digested pBIN-
PLUS to give pBINPLUS:X3, pBINPLUS:X7, and pBIN-
PLUS:X11. These clones were used to transform
Agrobacterium tumefaciens strain pGV3850, and agroino-
culation was done as described by Boulton et al. (1989).
Subgenomic and wild-type (pMSV-Ns, Boulton et al.,
1991a) constructs were inoculated separately, but sg DNA
constructs were also co-inoculated with pMSV-Ns at ratios
of 1:1, 5:1, 10:1, and 15:1, respectively. For the latter
experiments, control inoculations were done using empty
vector (pBINPLUS:pGV3850) in place of the subgenomic
constructs. At least 25 plants were used for each inoculation.
The plants were examined for symptom appearance for 28
days after inoculation. Insect transmission tests (using Cica-
dulina mbila and plants inoculated with pBIN-
PLUS:X11:pMSV-Ns (ratio 15:1)) were carried out 14
days after symptoms appeared. Passage of the virus from
insect-inoculated plants was repeated, sequentially, four
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